Abstract-In many micromachined sensors the thin (2-10 µm thick) air film between a compliant diaphragm and backplate electrode plays a dominant role in shaping both the dynamic and thermal noise characteristics of the device. Silicon microphone structures used in grating-based optical-interference microphones have recently been introduced that employ backplates with minimal area to achieve low damping and low thermal noise levels. Finite-element based modeling procedures based on 2-D discretization of the governing Reynolds equation are ideally suited for studying thin-film dynamics in such structures which utilize relatively complex backplate geometries. In this paper, the dynamic properties of both the diaphragm and thin air film are studied using a modal projection procedure in a commonly used finite element software and the results are used to simulate the dynamic frequency response of the coupled structure to internally generated electrostatic actuation pressure. The model is also extended to simulate thermal mechanical noise spectra of these advanced sensing structures. In all cases simulations are compared with measured data and show excellent agreement-demonstrating 0.8 pN/ √ Hz and 1.8 µPa/ √ Hz thermal force and thermal pressure noise levels, respectively, for the 1.5 mm diameter structures under study which have a fundamental diaphragm resonancelimited bandwidth near 20 kHz.
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I. INTRODUCTION
A CCURATE modeling of damping is important for many micromachined structures. In addition to affecting device dynamics, the degree of damping in any system directly influences thermal mechanical noise levels, or Brownian motion, as is made clear by the generalized Nyquist relation [1] . In many microfabricated sensors operated in atmospheric environments, the dominant damping mechanism is viscous shearing (and at high frequencies-compression) of a thin air film between two planar structures moving normal to each other-commonly referred to as squeeze-film damping. Bao and Yang [2] have recently provided a review of squeeze-film damping in MEMS-summarizing modeling efforts and the influence of film dynamics on the overall dynamic response of vibrating systems. Gabrielson [3] has summarized the particular importance of the relationship between thin-film damping and thermal noise levels in micromachined sensors, most notably capacitive-based microphone structures which consist of a compliant diaphragm vibrating in close proximity (2-10 µm) to a rigid backplate electrode. In these cases, damping (and thermalmechanical noise) is reduced by a repetitive pattern of small holes or perforations in the microphone backplate designed to alleviate pressure build-up in the thin air film. The degree to which the structure can be perforated (i.e., the ratio of open-area to total area) is limited in condenser MEMS microphones by total capacitance requirements. This design compromise-across mechanical and electrical domains-ultimately limits the sensor's detection performance. The squeeze film damping dynamics in microphone structures are captured by the Reynolds squeeze film equation. Analytical solutions and approximations exist for relatively simple geometries and have proven useful in modeling traditional perforated plate structures employed in capacitive microphones [3] - [6] . Recently, micromachined microphones with integrated optical interferometric readout have been introduced [7] , [8] . These structures have minimal capacitance design requirements and utilize backplate architectures with minimal area (i.e., large perforations) to achieve low damping, broadband frequency response, and low thermal mechanical noise levels. Thin-film damping in these structures is not easily studied with analytical approximations due to relatively complex backplate geometries. Finite-element models based on discretization of the 2-D Reynolds equation have been introduced [9] , [10] enabling rigorous analysis and design of such structures. A reducedorder modeling procedure introduced by Mehner et al. [11] is particularly well-suited for simulating squeeze film dynamics in the advanced micromachined microphone structures under consideration. With this approach, the pressure in the thin air film is simulated in response to vibratory modal displacement profiles of the microphone diaphragm and the results are used to compute the corresponding modal damping coefficients. The resulting modal equations can be used to simulate the dynamic system (i.e., diaphragm and coupled air-film) response to any arbitrary-shaped external forcing input across any frequency range.
In the following, we briefly summarize the silicon microphone structure under study and review the modeling procedure which is implemented here using an automated macro in ANSYS [12] . The dynamic response of the diaphragm structure to internally generated electrostatic actuation pressure is simulated and compared with measurements. This is first performed in a vacuum environment which enables study of the diaphragm dynamics without complexities introduced by the air film. Simulations and measurements in air are performed for two different device structures with different gap thickness, and results are in excellent agreement in both cases. A unique contribution of this paper is the extension of the modal projection procedure to model and simulate thermal mechanical noise spectra of micromachined sensors. Simulated and measured noise spectra are presented and are in good agreement, demonstrating a thermal displacement noise level of 40 fm/ √ Hz and corresponding thermal pressure and force noise levels of 1.82 µPa/ √ Hz and 0.8 pN/ √ Hz, respectively, for these advanced micromachined sensing structures.
II. MICROFABRICATED SILICON STRUCTURES
A fully integrated embodiment of the overall sensor technology is summarized schematically in Fig. 1 . In this approach, which has been analyzed in detail previously [7] , a monolithically integrated diffraction grating serves as the beam splitter in a Michelson-type interferometer, and the intensities of a zero and higher order diffraction orders are modulated by the diaphragm vibration. The integration embodiment summarized in Fig. 1 has recently been demonstrated with vertical cavity surface emitting lasers and photodetection electronics integrated into sub-1 mm 3 volumes [13] . As also noted in Fig. 1 , the diaphragm and grating backplate are made electrically conductive which enables the application of precisely controlled broadband electrostatic forces to the diaphragm structure-a feature used in this paper for self-characterization of the filmcoupled diaphragm dynamics.
A recent embodiment of the silicon structure from Fig. 1 is summarized by the 3-D computer-aided design (CAD) cross section presented in Fig. 2(a) [8] . A 1.5 mm diameter, 2.25 µm thick polysilicon diaphragm with near-zero residual stress is surface-micromachined on a silicon substrate with a capturedoxide anchor to provide a clamped boundary condition along the circumference. The bulk silicon beneath the diaphragm is Bosch-etched to create a backplate in the form of three rigid armlike structures which hold a 200 µm diameter surface micromachined diffraction-grating rigidly in place beneath the diaphragm. A thin 0.3 µm polysilicon layer exists atop the three-arm backplate to form the ground electrode for electrostatic actuation, with the diaphragm itself serving as the top electrode. The CAD cross section in Fig. 2 (a) has been repeated in Fig. 2(b) with the diaphragm removed to show the details of the underlying backplate structure. A micrograph of a fabricated structure taken from the backside is presented in Fig. 3 to aid in the visualization of these features. In contrast to traditional capacitive microphone backplates which consist of a plate with an array of small perforation holes, the backplate design summarized in Figs. 2 and 3 consists of mostly open area. The air-film under study occupies the thin gap between the three-arm backplate electrode and the diaphragm. This gap height is determined by the sacrificial oxide thickness used in the fabrication process and-in addition to perforation geometry-strongly affects damping levels. Structures with both 3 and 6 µm gaps have been simulated, fabricated, and experimentally tested.
III. MODEL OVERVIEW
The analysis begins with extraction of the mass normalized mode shapes Φ i and corresponding modal frequencies ω i of the microphone diaphragm in Fig. 2(a) , without the presence of the fluid film. The mode shapes form the basis functions for a modal superposition according to
where δ is the distributed diaphragm displacement, x m are the scalar modal coordinates, and k is the number of modes retained in the superposition. In the modal coordinate description of the diaphragm displacement, the diaphragm dynamics are governed by a set of k uncoupled modal equations, each with a mass of unity, a stiffness of ω 2 m , and a modal excitation force of
where P is any distributed external pressure acting on the diaphragm and the integral is computed across the microphone diaphragm area [14] . Without loss of generality, the presence of the fluid film can be considered to introduce a damping matrix C into the dynamic modal equations with constitutive relation
In a frequency domain formulation of (3), the elements of C can be isolated and extracted individually via
through a modal projection procedure where: 1) the nth mode shape is applied to the fluid film with specific vibration amplitude X n ; 2) the resulting film pressure distribution P n is solved for using a discretized 2-D version of the Reynolds equation; and 3) the modal force is computed by integrating the complex pressure distribution with the mth mode shape. The damping coefficients are generally complex and frequency dependent, as the film pressure has components in phase with the diaphragm velocity-representing the squeeze resistance, and components in phase with displacement-representing film stiffening. The preceding is a concise summary of a more detailed description provided by Mehner et al. [11] where the procedure was first introduced. In this paper, this portion of the model is constructed and executed in ANSYS, where a DMPEXT macro automates the system identification procedure outlined in (4). This finite-element implementation is ideal for studying the advanced backplate designs presented in Figs. 2(b) and 3 as discretization of the Reynolds's equation permits studying complex film geometries with rigor and without approximation.
In this paper, a complete model of the microphone dynamics is executed via insertion of the C matrix into the system of k modal equations
with computation of the right-hand side of (5) 
where the damping ratio ζ m = Re{C m }/(2 * ω m ) has been introduced as well as a film-stiffness ratio r m = −ω * Im{C m }/(ω 2 m ) which characterizes the stiffness the film adds to the system in comparison to that of the diaphragm itself. Upon solution of (5) or (6), the modal displacements X m are superimposed via (1) in MATLAB to simulate the distributed diaphragm displacement. Implementation of this procedure is made clear as the model is applied to simulate the dynamic response of the structure summarized in Figs. 2 and 3 to internally generated electrostatic actuation forces in both vacuum and air environments.
IV. DYNAMIC RESPONSE IN VACUUM
Measurements in vacuum reveal dynamic properties of the microphone diaphragm without complexities introduced by the squeeze-film, and experimental identification of modal resonant frequencies in vacuum validates the structural model of the diaphragm itself. The measured center diaphragm displacement of the 1.5 mm diameter device shown in Fig. 3 in response to a broadband electrostatically generated impulse pressure of 1-µs duration is presented in Fig. 4(a) . In this experiment the silicon structure is placed in a vacuum chamber (∼100 mtorr), and the light source and photodetection electronics represented by the bottom substrate in Fig. 1 are remotely positioned on the opposing side of a glass window. The photocurrent from a first diffracted order is measured to obtain the diaphragm displacement information. Details of this experimental configuration have been provided previously [8] . The fast Fourier transform (FFT) of the data in Fig. 4(a) provides the dynamic frequency response of this device and is presented in Fig. 4(b) where a fundamental resonance near 21 kHz is observed as well as several higher order resonances. Positioning of the fundamental diaphragm resonance above 20 kHz is ideal for realizing broadband acoustic sensing structures.
The diaphragm is modeled in ANSYS using SHELL61 elements with clamped boundary conditions and material properties for polysilicon that have been characterized in Sandia's process technology (density-2330 kg/m 3 , Young's modulus-160 GPa, Poisson's ratio-0.23). The first eight mass normalized mode shapes and corresponding modal resonant frequencies extracted using ANSYS are presented in Fig. 5 . Nonaxisymmetric modes (e.g., modes 2 and 3) occur in orthogonal pairs, 1 with the pairs not shown in Fig. 5 for the sake of brevity. Mode 15, the third axisymmetric mode, is also shown. A small residual diaphragm tension is used as a single scalar parameter in the model to align the diaphragm's modal resonant frequencies with the experimentally observed resonant frequencies in Fig. 4(b) . Application of this technique reveals 1 Representation of an orthogonal pair for each nonaxisymmetric diaphragm mode is required for subsequent modal superposition analysis as outlined in (1) .
that the first four resonant frequencies observed in Fig. 4(b) are not those of the first four diaphragm modes, but rather those of modes 1, 6, 8, and 15, as exceptionally good agreement can be observed in the respective comparison between Figs. 4(b) and 5. All four modes are aligned to within a maximum deviation of 1.6%. The presence of only these modes in the response spectrum is expected as these are the only modes with significant modal excitation [i.e., a significant modal force F m as defined in (2)]. This is rigorously demonstrated by applying the analysis outlined in (2) and (6), where the modal forces resulting from electrostatic excitation are computed using ANSYS and summarized in Table I . In addition to axisymmetric modes 1, 6, and 15, mode 8 shows significant excitation due to its strong resemblance to the electrostatic actuation electrode shape as can be observed by comparing Fig. 2(b) with the eighth mode shape in Fig. 5 . All other diaphragm modes not represented in Table I have negligible excitation-at least two orders of magnitude below those represented in the table. The simulation result following application of (6) is presented in Fig. 6 and shows excellent agreement with the measured response in Fig. 4(b) . The inset in Fig. 6 highlights the region of applied electrostatic pressure used in the computation of values presented in Table I and in the simulation.
It should be noted that although the precise center displacement of mode 8 is zero, the average modal displacement across the illuminated grating area [i.e., the 200 µm diameter region in Fig. 3(b) ] is nonzero and has been used in the simulation, as this more accurately reflects the optical measurement. In addition, the damping mechanisms in vacuum have not been studied, so comparisons of ζ m s (or Qs) between Figs. 4(b) and 6 are not meaningful. The film stiffness ratios r m are set to zero in the vacuum simulation and small values of damping have been added simply for computational stability.
The results summarized in Fig. 6 and in Table I demonstrate another potentially useful feature of the model's capabilities-the ability to accurately model the selective excitation of modes and therefore craft the dynamic frequency response of the device across a wide frequency range via design of the actuation electrode geometry. Although not particularly significant in this microphone application, this may be useful, for example, in the design of ultrasound transducers where a diaphragm's higher-order modes are selectively detected [16] .
V. SQUEEZE FILM SIMULATIONS AND DYNAMIC RESPONSE MEASUREMENTS IN AIR
Extraction of the mass normalized mode shapes and corresponding modal frequencies of the diaphragm is a first step in performing the squeeze film damping analysis and simulating dynamic frequency response functions in air. Vertical displacement of the diaphragm squeezes the air film laterally toward the large open regions existing between the three-arm backplate structure with the creation of film pressure due to both viscous shearing and, at higher frequencies, film compression. This film region is modeled in ANSYS using 2-D Fluid 36 elements. The vibratory displacement profile of the mode under study is written as a boundary condition to the fluid in a harmonic response analysis, and the resulting film pressure is simulated [2] . Real components of the distributed film pressure for the first three axisymmet- 2 The use of an effective viscosity based on the Knudsen number enables accurate application of the continuum theory for small gap thicknesses.
ric mode shapes are presented in Fig. 7 following simulations where 1 nm/s peak modal velocity has been applied at 1 kHz to a structure with a 3 µm-gap. Regions of highest film pressure are observed at regions of highest displacement for the respective mode and at regions furthest away from the pressurerelease boundaries where the film interfaces with the large open-air regions between the three-arm backplate structure and the grating region in the center [highlighted in Fig. 7(a) ]. The grating region demands special attention and cannot be modeled with the approach presented here as the aspect ratio defining the lateral film width (i.e., 2 µm grating finger width) to film height (i.e., 3-6 µm) is not significantly greater than unity, a condition underlying applicability of the Reynolds squeeze film equation itself [2] . The fluid-grating interaction has been studied using a more general procedure and the results have been incorporated into the formulation presented here. For the 3 µm gap device currently under consideration, the grating region accounts for less than 5% of the total damping for any particular mode.
It should also be noted that the film boundary condition at perforations in backplates is not in general a pressure release, but instead more accurately governed by an impedance condition created by viscous resistance along the vertical dimension of the perforation itself. The total resistance can be significant for traditional backplate structures employing arrays of small holes [5] but becomes small for large openings such as those employed in the structures presented here.
The pressure distributions presented in Fig. 7 are integrated to obtain the relevant modal forces which are then normalized to the input modal velocity to obtain the coefficients in the damping matrix as summarized in (4) . The electrostatic modal excitation forces are the same as for the vacuum case summarized in Table I , with modes 1, 6, and 8 being the only modes expected to significantly shape the dynamics of the device. Dynamic frequency response measurements on several 3 µm gap microphone structures originating from the same process wafer are presented in Fig. 8(a) and (b) , where the magnitude and phase responses, respectively, are presented in the dotted traces. Also shown as the solid trace labeled "full simulation" is the simulation result following (1) and (5), where in this case modes 1, 6, and 8 are retained in the modal superposition along with their modal damping coefficients C 11 , C 66 , and C 88 and their respective cross-coupling terms C 16 , C 18 , and C 68 . The simulation includes no fitting parameters and is in exceptional agreement with the measured data-accurately predicting the roll-off in the amplitude response at approximately 8 kHz (3 dB-cut off frequency), the null in the response at 60 kHz, and the following peak in the response occurring near 80 kHz. Amplitude response simulations without inclusion of the cross damping terms and with inclusion of only the first modal equation are also presented and labeled in Fig. 8(a) , where even the later simplest case is seen to accurately predict the device response up to 40 kHz. The fundamental resonant frequency (as determined with the vacuum measurement procedure summarized in Fig. 4 ) and simulated damping ratio ζ 1 in this case are 21.1 kHz and 1.38, respectively. Physically, cross terms arise when excitation of the diaphragm near a mode creates a film pressure distribution that creates a force on another mode [11] . Accuracy beyond the fundamental resonant frequency and therefore inclusion of modes other than the fundamental in the response simulations is not critical or necessary for the particular microphone structures currently under study. Demonstration of the ability to accurately model the frequency response across several device modes may, however, be useful for advanced audio transducers such as recently developed biologically inspired microphones whose relevant operating frequency range (20 Hz-20 kHz) spans multiple structural modes of the diaphragm which are used to provide useful directional characteristics in the response [17] , [18] .
Stiffness properties of the film do not significantly influence the dynamic response of the structures under study. Fig. 9 presents the simulated values of ζ 1 and r 1 as a function of frequency for the 3 µm thick film. A transition frequency is typically defined at the 3 dB roll-off in damping-near 400 kHz in this case-and corresponds to the presence of significant film compression where viscous forces restrict the film from displacing laterally. In general, compression effects and film stiffening have the ability to affect the dynamic response of the device at much lower frequencies than the typically defined 3 dB cutoff. At r 1 = 1, which occurs near 70 kHz in this case as observed in Fig. 9 , the stiffness presented by the film becomes greater than that of the diaphragm. As is apparent from (5), the dynamic response of the structure is strongly affected in cases where this critical frequency is less than the diaphragm resonant frequency [2] . When this is not the case, film stiffening does not typically significantly influence the dynamic response of the structure as the response is dominated by the inertia of the diaphragm itself [i.e., the ω 2 term in the denominator of (6)]. Measurements and simulations are also performed on 6 µm gap structures. Ten devices have been experimentally characterized and are presented in Fig. 10 in the colored traces. The simulation result presented in Fig. 10 contains only the first mode and again shows remarkable agreement with the measured data without the use of any fitting parameters. The fundamental resonant frequency and simulated damping ratio for this structure are 24.6 kHz and 0.135, respectively. For this structure, the grating region accounts for approximately 25% of the total damping. The difference in the grating's contribution to total system damping for the 6 and 3 µm cases (i.e., 5% versus 25% contribution) is primarily caused by a relatively independent scaling of damping with gap height for the grating region. Film pressure across the backplate follows a 1/gap 3 dependence consistent with the Reynolds formulation, whereas film pressure in the grating region displays only small dependence on gap height in the 3-6 µm range.
VI. THERMAL NOISE SPECTRA SIMULATIONS AND MEASUREMENTS
The benefit of accurately modeling thin-film damping and overall system dynamics in complex micromachined structures extends to accurately simulating thermal mechanical noise levels-a critical capability in the design of high fidelity sensing structures. Direct application of the generalized Nyquist relation
to the first modal equation of motion results in the thermal displacement noise (i.e., Brownian motion) spectra δ tn of the microphone diaphragm
where k and T are Boltzmann's constant and the ambient temperature, respectively. The denominator is recognized as the frequency domain transfer function for the fundamental mode, where only the absolute value is relevant due to the random nature of the thermal noise excitation. Simulation of thermal noise spectra across several device modes is performed by simply summing the displacement contributions from each mode incoherently (i.e., δ = (δ
. This formulation has proven useful, for example, in studying thermal noise spectra of multimode cantilever structures used in atomic force microscopy (AFM) [19] . For the microphone structures currently under investigation in this paper, retention of only the first mode contribution is expected to provide an accurate approximation over the frequency range of interest as is the case for the dynamic response simulations presented in Figs. 8  and 10 . Generally speaking, simulation results utilizing (8) are expected to exhibit a high degree of accuracy as the fundamental resonant frequency can be precisely extracted via vacuum measurements as demonstrated here, and the computation of Φ depends solely on the geometric dimensions of the diaphragm and the material density (i.e., polysilicon in this case)-both of which are known to a high degree of accuracy. In the design phase, the damping ratio can be directly simulated as summarized in this paper. Alternatively, for existing structures, the damping ratio can be experimentally extracted from dynamic response measurements such as those presented in Figs. 8 and 10 [8] .
The measured thermal displacement noise spectrum of a 1.5-mm diameter microphone structure with a 6 µm gap height is presented in Fig. 11 . The measurement is performed in an anechoic testing facility 3 using the optical readout features of the detection technology summarized in Fig. 1 , with the displacement detection sensitivity first calibrated using internal actuation features of the device-a procedure summarized in more detail previously [8] . The simulation following (8) is also presented using a fundamental resonant frequency of 21.0 kHz and the simulated damping ratio equal to 0.157. The slight difference in damping ratio in this simulation as compared to that presented in Fig. 10 is due to the small difference in resonant frequency (i.e., the simulated damping coefficient C 11 which depends only on the properties of the film is the same in both cases). Here again, the simulated spectra is in good agreement with the measurement-predicting the absolute thermal displacement noise level within 2 dB maximum deviation across the frequency range presented.
Careful attention has been given to the measurement in Fig. 11 to ensure the displacement resolving capability of the optical readout system is below that of the thermal mechanical noise of the diaphragm in the 5-30 kHz range, which is sufficient for studying the thermal noise profile. Generally speaking, the displacement resolving capability is limited by quantum shot noise at the photodetectors and small intensity fluctuations of the semiconductor laser [8] . The effects of the latter are responsible for the slight increase in the measured spectra near 5 kHz. In an actual sensor implementation, efforts should be made to cancel laser intensity noise across all frequencies of interest [20] .
The 40 fm/ √ Hz measured displacement level can be referred to force and pressure inputs via the finite-element model of the diaphragm or direct measurement. For example, the displacement of the diaphragm resulting from a concentrated force load at its center is modeled as 49.8 mm/N for the structure 
VII. DISCUSSION AND CONCLUSION
The potential impact of the high pressure resolution for the microphone application under development can be highlighted with reference to an A-weighted self-noise 4 which is approximately 21 dB(A) for the thermal pressure noise level demonstrated here. Achieving this figure from a 1.5-mm diameter diaphragm structure with 20 kHz bandwidth is a notable accomplishment, as MEMS microphone structures of comparable size typically have thermal noise levels at least 10 dB higher and/or 1/2 this bandwidth [3] , [21] , [22] . The versatile device model and simulations presented here have played an important role in realizing this performance. Sub-pN force resolution and large bandwidth are also ideal for a recently demonstrated new AFM probe technology with similar device structure [23] . The demonstrated microstructure and the accompanying device model may be useful for these applications as well.
In future designs, thin-film damping simulations will aid in making continued performance and fabrication-design improvements. Rigorous characterization of the displacement resolving capabilities of the approach (which takes into account noise in the readout electronics and quantum shot-noise at the photodetectors) shows 20 fm/ √ Hz detection limit [8] , which in light of Fig. 11 suggests that the overall noise performance can be improved by a factor of 2× (i.e., 6 dB) with continued improvements in the mechanical design. In addition, from a fabrication standpoint, it may be advantageous to realize such designs using smaller gap heights (on the order of 2-3 µm) to 4 A-weighted noise is a common figure of merit for microphones and is obtained by integrating the pressure noise density across the audio frequency range with application of a weighting function that takes into account the response of the human ear.
avoid potential stress issues in sacrificial oxide layers which define the gap thickness. This may be achieved by the use of arm structures with smaller width, or with an entirely different backplate design fabricated using surface micromachined layers as opposed to BOSCH-etched bulk-silicon to enable smaller feature sizes. All of these options can be explored rigorously with the demonstrated model. In these simulations, retention of only the first modal equation is likely sufficient for the omnidirectional microphone structures presented here. In addition to designing for desired damping levels characterized by ζ, an important consideration is the positioning of the critical frequency defined by r = 1 to the right of the diaphragm resonance to ensure a flat acoustic frequency response as discussed in Fig. 9 . The agreement between simulated and measured data summarized in Fig. 8 suggests that the model can accurately capture response functions spanning multiple structural modes of the diaphragm which, although not significant for these structures, may be useful for studying more advanced designs.
